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Abstract

A steady-state, 1D semi-analytical model for prompt redeposition based on the separation
between redeposition caused by the electric field in the sheath and redeposition related to gyro-
motion is here described. The model allows for the estimation of not only the fraction of promptly
redeposited flux but also the energy and angular distribution of the non-promptly redeposited
population, along with their average charge state. Thus, the temperature and mean parallel-to-B
velocity of the non-promptly redeposited flux are also available. The semi-analytical model was
validated against equivalent Monte Carlo simulations across a broad range of input parameters.
In this paper the eroded material under exam was tungsten (W) for which the code demonstrated
consistent agreement with respect to numerical results, within its defined validity limits. The
model can theoretically provide a solution for any material, temperature and electron density pro-
file in the sheath, monotonic potential drop profile, and sputtered particles energy and angular
distribution at the wall. As such, this code emerges as a potential tool for addressing the boundary
redeposition phenomenon in fluid impurity transport simulations.

Keywords— semi-analytical model, prompt-redeposition, tungsten, plasma-wall interactions

1 Introduction
In future tokamak reactor handling of power exhaust and erosion of walls pose a significant challenge. As power
exhaust becomes increasingly significant, predilected plasma-facing materials have shifted towards heavy species
like tungsten (W) because more adapt to withstand high heat fluxes and erosion [1]. However, the penetration
of heavy ions into the core can result in unacceptable radiative losses, posing the risk of plasma destabilization
and collapse [2]. The complex interplay between power exhaust, erosion, and plasma stability necessitates
meticulous modeling for reactor design. Fluid multispecies solvers like SOLEDGE [3], [4] and SOLPS [5],
enable the study of dynamic interactions between impurities and plasma ions, as well as the interplay between
core contamination and radiated power. A variation in radiated power may affect plasma-wall interactions
(PWIs), thus erosion. Understanding the feedback dynamics between PWIs and contamination becomes crucial
in assessing the impact of contamination on plasma performance. Nevertheless, fluid impurity transport codes
face limitations, being unable to resolve PWIs and transport in the plasma sheath. Indeed, to function correctly,
impurity sources at the plasma-wall boundary of the fluid solver domain have to be provided. One way to
do this, is by neglecting impurities’ transport in the sheath assuming that their ionization mean free path
is larger than the sheath width. Essentially, all eroded material is assumed to enter the simulation domain
and contribute to the boundary source. In such cases, it suffices to integrate models capable of estimating
the gross fluxes Γgross of eroded materials resulting from PWIs due to local plasma-wall conditions, such as

∗Corresponding author: L. Cappelli, email: luca.cappelli@univ-amu.com

1

mailto:luca.cappelli@univ-amu.com


EIRENE [6]. Anyway, penetration of impurities in the fluid codes domain, especially if heavy, remains largely
influenced by the prompt redeposition phenomenon which should be accounted to correctly assess boundary
impurity sources [7]–[11]. Indeed, the fraction fp of the eroded flux Γgross that promptly redeposits either
does not penetrate the fluid domain or only passes through it temporarily without contaminating the plasma.
Therefore, the more accurate boundary condition is the net inflow Γnet, defined as Γnet = (1 − fp)Γgross.
By definition, an eroded particle is promptly redeposited if it intersects a wall during the first Larmor period
following its initial ionization, regardless of any possible reflections. For instance, if an eroded particle ionizes
very close to the wall, in the plasma sheath, the probability that the particle’s trajectory will intersect the wall
recombining with it is significant. Models for fp aim to incorporate prompt redeposition in fluid transport code
boundary conditions as function of plasma quantities at the sheath entrance, i.e. at the boundary between the
fluid domain and the plasma sheath. Unfortunately, a general solution remains elusive. Previous important
attempts, based on analytical models or fits, exhibit indeed limited applicability [7], [9]. The difficulty in
discovering a universally applicable solution for fp and other essential parameters related to heavy-impurity
transport, including charge state and temperature, has led to alternative approaches where PWIs are treated
employing kinetic Monte Carlo codes such as ERO2.0 [12] and GITR [13]. These models kinetically solve the
transport of eroded ions in the sheath and plasma edge in real geometry. They also need to be coupled to a
fluid plasma solver to get a static plasma background in which impurities are kinetically transported. The main
downsides of this approach are the computational costs and convergence times associated with Monte Carlo
calculations. Furthermore, the fixed plasma background provided by fluid solvers does not evolve in time, not
allowing the study of temporal plasma evolution concerning contamination and radiated power. In this paper,
we propose a semi-analytical model to calculate the net flux Γnet and other relevant quantities. This includes
the non-prompt redeposited fraction (1−fp), the net flux temperature, average charge state, and mean parallel
velocity to the magnetic field, for a broad range of plasma conditions at the sheath entrance. This model holds
potential for accurately computing boundary conditions for fluid multispecies transport solvers.

2 Model description
This section discusses the fundamental assumptions, geometry, and workflow associated with the semi-analytical
model and how it will be employed in this work. The code solves prompt redeposition of eroded particles in
the sheath in a well-defined physical framework.

2.1 Physical framework
Consider the erosion of a flat wall extending along the plane z = 0 and exposed to a uniform magnetic field
B⃗ as illustrated in figure 1a. Along the z-axis above the wall, the Debye sheath and the Chodura sheath
develop. In this paper, the combination of Debye plus Chodura sheaths will be referred to simply as ’sheath’.
The sheath is considered uniform with respect to the xy coordinates and ion-ion collisions are neglected. Its
entrance coincides with the condition of plasma average parallel-to-B velocity equal to the sound speed.

Impinging ions strikes the surface with energy E0 and angle α = arctan
(√

v2x + v2y/vz
)

while eroded
particles trajectories are identified within a spherical coordinate system, where the azimuth angle is ϕ and the
poloidal one is θ, as reported in figure 1b.

Since the subject is prompt redeposition, the sheath, incident ion flux, and composition of the eroded
material are assumed to be in a steady state over a Larmor period of the eroded species (referred to as TL),
during which plasma fluctuations are disregarded.

2.2 Model workflow
As illustrated in figure 2 the model takes as input: the Sputtered energy and Angular Distribution (SEAD)
related to Γgross, the one-dimensional profiles along z of electronic density and temperature (ne(z), Te(z)), the
potential drop V (z), the magnetic field, and atomic data for the ionization rate coefficients (denoted as S),
where only ionization by electron collisions are considered. The SEAD represents the probability that a fraction
of the gross flux is populated by particles having energy in the interval E,E + dE and direction in the solid
angle Ω,Ω+ dΩ. In the following model, the SEAD is calculated as done in [11]. Therefore, it depends on the
incident ion mass, charge and angle of incidence (α). It also depends on the assumed velocity distribution at
the sheath entrance for the impinging flux. For this particular application, the comparison was made assuming
that the average angle of incidence α = 40 deg, a gamma function for the parallel velocity distribution and a
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Figure 1: a) Coordinate system aligned with a planar surface, where ϕB = 0 (see right image). The
energy and angle of an incoming ion are represented as E0 and α, while B⃗ is the magnetic field vector.
b) Representation of angles identifying both the initial direction of a sputtered particle with energy E

and the direction of the magnetic field b̂.

maxwellian distribution for the perpendicular velocity distribution. Once the energy and angular distribution
of the incident flux (IEAD) is known, the energy distribution of the eroded particles is calculated as given in
equation (2). That is, it is equal to the integral between a normalized Thompson function (fth(E0, E, θ)) taken
from [14], the sputtering yield y and the IEAD. The sputtering yield of W was taken from [15].

SEAD(E) =

∫
IEAD(E0, α), y(E0, α)fth(E0, E, θ)dE0∫ (∫
IEAD(E0, α), y(E0, α)fth(E0, E, θ)dE0

)
dE

(1)

As for the angular distribution, this is considered cosinusoidal with respect to the poloidal angle (θ) and
uniform with respect to the azimuth ϕ. Since a spherical coordinate system is used, the SEAD depends on
the energy E and the solid angle Ω = sin(θ)dθdϕ. The resulting SEAD distribution expressed as a function of
energy and poloidal angle is given in equation (2):

SEAD(E, θ, ϕ) =
1

2π
SEAD(E)sin(2θ)dθdϕ (2)

Concerning the electron profiles along the z-axis, the density profile in the sheath is approximated using
the Boltzmann factor:

ne(z) = nSE
e exp(−V (z)/Te(z)) (3)

Here, nSE
e represents the electron density at the sheath entrance, respectively, while V denotes the electric

potential within the sheath. The chosen potential profile is taken from [16]. It is characterized by a parameter
k that is directly proportional to the sheath width as defined in the same reference. Results shown in section 6
are all evaluated setting k = 2 and assuming uniform temperature profiles, specifically the temperature is set
equal to its value at the sheath entrance, i.e. Te(z) = TSE

e . Finally, eroded particles’ ionization rate coefficients
S(ne, Te) are taken from ADAS [17]. These coefficients account only for ionization caused by electron collisions,
with no consideration of recombination processes.

3



OUTPUTMODEL

▪ Prompt redep. 
Fraction 𝑓𝑝

▪ Charge states 𝑍𝑛𝑝

▪ Temperature 𝑇𝑠

▪ Average parallel
velocity 𝑣∥

INPUT

▪ SEAD

▪ 1D sheath
Potential
profile 𝑉(𝑧)

▪ Ionization
rate 
coefficients 
𝑆 of eroded
species

▪ 1D sheath
Electron density
and temperature
profiles 
𝑛𝑒 𝑧 , 𝑇𝑒 𝑧

▪ Magnetic field
magnitude 𝐵

▪ Magnetic field
poloidal angle 𝛼𝐵

Figure 2: Workflow scheme: the model processes estimates of the fraction fp, charge state (denoted
as Znp), and other fluid quantities of the non-promptly redeposited population based on 1D profiles
of electron density, temperature, potential drop, SEAD, atomic ionization data, and magnetic config-
uration.

The model not only estimates the fraction fp but also provides values for other properties of the 1 − fp
fraction, referred to as NP (non-prompt). As shown in Figure 2, in addition to fp, the model outputs include
the NP distribution of charge states, the NP temperature (also called source temperature, Ts), and the average
NP parallel-to-B velocity, denoted as v∥.

3 Redeposition Dynamics
In the physical framework described in section 2.1 prompt redeposition is caused by three different dynamics.
The first one is linked to an energetic balance as discussed in section 3.1.1. Specifically, a fraction (denoted as
fE
R ) of the gross flux is populated by particles undergoing ionization inside the sheath in a potential well larger

than their initial energy, thus they don’t have enough energy to escape and they are redeposited. Another way
a sputtered ion may redeposit is related to its gyromotion, see section 3.1.2. Indeed, even if a sputtered particle
ionizes outside the sheath, it still may redeposit because of its trajectory as depicted in figure 5. The fraction
of Γgross redepositing because of gyromotion is here denoted as fG

R . Ultimately, a portion fGE
R of Γgross ionize

sufficiently far from the wall to surpass the sheath electric potential, yet it experiences significant deflection
by it.

3.1 Two-groups model
A simplification of the redeposition mechanisms is proposed here, referred to as the Two-groups model. In this
model, the fraction fGE

R is incorporated into fG
R , with the assumption that the influence of deflection caused

by the electric field on the non-promptly redeposited (NP) fraction is negligible. Consequently, the velocity
components perpendicular and parallel to the magnetic field of an eroded particle are considered conserved at
their respective initial values. This setup allows for a direct association between the redeposition probability
and the SEAD at the wall. The main assumption of the two groups model is to assume that the energy of the
fraction 1− fE

R is approximately unaffected by the further deceleration due to the remaining potential barrier.
As it will be shown in the results section 6, this model breaks when the ionization distance becomes so short
that most eroded particles will ionize in the sheath and are consequently deflected and decelerated.

3.1.1 Enegetic redeposition

To begin, let us study the ionization of a neutral particle with velocity vector v⃗ immersed in a plasma. For a
static plasma, its ionization mean free path λ is equal to the ratio of its velocity module (v) to the ionization
frequency. In case of electron-ionization the ionization frequency is equal to the product between the ionization
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rate coefficient S and the electron density profile: ωion = neS(ne, Te). Therefore, ωion depends on plasma
electron temperature and density.

λ =
v

ωion
(4)

Unless λ is relatively small, a neutral particle encounters variable density and temperature conditions
during its path before ionization. If the particle follows a path identified by the coordinate z, its instantenous
probability to ionize in dt = dz/vz is given by:

ωion(z)

vz
dz

Where vz is the velocity along the z-axis as shown in figure 1. Consider a neutral particle emitted from a
planar surface situated in z = 0. By definition, its average probability to ionize is unitary when the particle
reaches its mean free path λz. ∫ λz

0

ωion(z)

vz
dz = 1

Therefore, the velocity vz required to ionize on average at a perpendicular distance λz is equal to the
integral of the ionization frequency ωion along z, as reported

vz =

∫ λz

0

ωiondz (5)

The inverse of equation (5) gives the mean free path as function of the velocity along the z-axis, called
λz(vz).

The mean free path λz, is equivalent to the first moment of the ionization probability density function (PDF)
along the z-axis for a neutral particle with a given initial velocity v⃗, as defined in equation (7). Assuming a
flat and uniform sheath along the xy plane implies that the ionization PDF, represented as f(z|E, θ), depends
solely on the particle’s initial energy and poloidal angle. The ionization probability within the interval z to
z+ dz is determined by the product of the probability of not ionizing up to z times the probability of ionizing
within the interval z to z + dz. The probability a neutral has to not ionize up to a distance z as reported in
[11] is equal to:

e
− 1

vz

∫ z
0 ωiondz′

where it is derived through a simple static 1D Vlasov equation. Consequently, the ionization distribution
can be expressed as shown in equation 6:

f(z|E, θ)dz =
ωion

vz
e
− 1

vz

∫ z
0 ωiondz′

dz (6)

As anticipated, the first moment of the ionization distribution f(z|E, θ) is equal to λz (see equation (7)),
which is also equal to the inverse of equation (5).∫ ∞

0

f(z|E, θ)zdz = λz (7)

The mathematical derivation to prove that equations (7) and the inverse of (5) are equivalent, to date was
not found. The challenge resides in analytically solving the integral of ωion, since it is implicitly a function
of the electron density decay ne (see equation (3)), hence in this case, of the Boltzmann factor. Anyway, the
equivalence was proved numerically comparing both the inverse of equation(5) and equation (7) with Monte
Carlo results, see figure 3. It is worth noting that in figure 3, the numerical estimation of the mean free path
deviates from the analytical one as the energy Ez = Ecos(θ)2 along the z-axis increases. This discrepancy is
attributed to the lower number of particles populating the high-energy tail, resulting in insufficient sampling
for Ez > 30 eV, leading to a poor statistical representation.
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Figure 3: Bombardment of N+5 with W. Comparison of analytical (red line refers to the inverse of
equation (5), while green circles refer to equation (7)) and Monte Carlo (MC) results for the average
ionization length λz as function of the initial kinetic energy of neutral sputtered W atom along the z-
axis. MC estimates are less accurate for higher energies since it is hard to analogically sample the tails
of the sputtered distribution. The plasma background for this figure is characterized by a ne = 5e18
m−3, Te = Ti = 20 eV, B = 3 T, and αB = 4 deg.

Once the ionization distance of a neutral particle is determined, it also establishes the force that the
electric field will exert on it after ionization. In a scenario where the electric potential V transitions from
zero at the sheath entrance to negative within the sheath, ionized particles within this region can surpass the
electric potential barrier only if their initial kinetic energy along the positive z-direction exceeds the potential
drop at the ionization position (expressed as Ez > −V (z)). This principle strictly applies in non-magnetized
plasma conditions. In reality, the presence of gyromotion introduces complexity. The xy components of
the initial kinetic energy contribute to the likelihood a particle ionized at a distance z has to overcome the
potential corresponding potential drop V (z). In this model it is assumed that particles respecting the relation
Ez > −V (z) will be poorly magnetized because of the dominance of the electric field force influencing their
motion. Under this assumption, if particles undergo ionization in a potential well greater than their initial
kinetic energy Ez, they are considered redeposited. If the electric potential within the sheath monotonically
decreases a unique ionization distance (denoted as z∗E) can be identified as the threshold ionization distance
below which a particle with initial kinetic energy Ez will redeposit. The length z∗E serves as a distinguishing
factor between particles with ionization distance z ≤ z∗E , which will be considered re-deposited due to the
electric field, and particles with ionization distance z > z∗E , which overcome the electric field and may have a
chance to contaminate the plasma. Once the SEAD is known, it is possible to calculate the fraction of Γgross,
denoted as fE

R , redeposited because of the electric field force, as shown in equation (8).

fE
R =

∫
SEAD(E, θ)

(∫ z∗E(E,θ)

0

f(z|E, θ)dz

)
dEdθ (8)

To determine the threshold distance z∗E , the potential V must be inverted to locate the point where it is
equal to the initial energy along the z-axis: Ez = Ecos(θ)2 = −V (z∗E). Following the same line of reasoning
the threshold distance z∗E can also be used to calculate the SEAD populated by particles overcoming the
electric field, as shown in equation (10). The fraction 1− fE

R ionizing far enough (i.e. with ionization distance
z > z∗E) is denoted as NE.

fNE = SEAD(E, θ)

(∫ ∞

z∗E(E,θ)

f(z|E, θ)dz

)
(9)

SEADNE = fNE

/∫
fNEdEdθ (10)
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An important parameter is the electrostatic threshold distance λ∗E
z of the sputtered population. It is

identified by reversing the total energy balance function (denoted as h) at zero, see equation (11). As the
threshold distance z∗E , also λ∗E

z is a distinguishing threshold between particles whose mean free path λz > λ∗E
z

who on average will surpass the sheath electric potential, and vice versa. This parameter will be used in section
6 to normalize the dimensionless parameter λ̂ (equation (33)).

h ≡ 1

2
m

(∫ λz

0

ωiondz

)2

+ V (λz) (11)

λ∗E
z = h−1(0) (12)

The first moment of the ionization distribution f(z|E, θ) could provide a more computationally efficient
way to estimate fE

R compared to the calculations required by equation (8). This is accomplished by checking
whether the mean free path of a sputtered particle is larger or smaller than λ∗E

z . A particle has a mean free
path equal to λ∗E

z if its energy along the z-axis Ez = −V (λ∗E
z ). That is, the energy of particles whose λz = λ∗E

z ,
denoted as Em can be written as reported in equation (3.1.1). This represents the lowest mean energy required
for a particle to overcome on average the potential drop.

Em(θ) ≡

{
−V (λ∗E

z )

cos2(θ)
, if V (λ∗E

z ) < 0

0, otherwise

An approximation of fE
R is now computable if the SEAD at the wall is known, as reported in equation (13).

fE
R ≈

∫ ∫ Em

0

SEAD(E,Ω)dEdΩ (13)

In figure 4a, 1− fE
R is depicted as function of the normalized mean average ionization length λz of W for

a given SEAD, normalized by the distance λ∗E
z . If λz < λ∗E

z , 1 − fE
R falls rapidly and the difference between

the full kinetic calculation with respect to the first moment approximation decreases. Figures 4a and 4b were
obtained calculating the fE

R associated with a population of neutral W particles sputtered by an incident flux
of nitrogen ions (N+5) while varying the electron density at the sheath entrance. Figure 4b shows the same
data points but in relation to the electron density.

(a)

1018 1019 1020 1021

n
e
 m-3
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 -

 f
RE first moment

full kinetic

(b)

Figure 4: Fraction of W gross flux overcoming the sheath potential according to equations (8) (full
kinetic) and (13) (first moment). Depicted results refer to the sputtering of W due to a flux of nitrogen
ions (N+5) with a variable electron density at the sheath entrance. All other parameters were fixed:
Te = Ti = 20 eV, B = 3.7 T, and αB = 4 deg.

The first moment approximation could be used in every way as the full kinetic approach. Indeed, there is
even a first moment approximation of the SEADNE , see equations (14) and (16). The angular distribution of
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the 1− fE
R fraction is approximated multiplying the angular distribution at the wall by the mean probability

that a sputtered particle with a given poloidal angle θ will undergo energy-driven redeposition.

SEADNE(θ) ≈
SEAD(θ)

(
1−

∫ Em(θ)

0
SEAD(E)dE

)
∫ π/2

0
SEAD(θ)

(
1−

∫ Em(θ)

0
SEAD(E)dE

)
dθ

(14)

The energy distribution is derived by eliminating the fraction of particles with energy lower than the mini-
mum energy Em. Therefore, the energy distribution function of particles not subject to electrical redeposition
can be approximated as shown in equation (16).

SEADNE(E|θ) ≈
∫

SEAD(E)H(E − Em(θ))

1−
∫ Em(θ)

0
SEAD(E, θ)dE

dθ (15)

SEADNE(E) ≈
∫
SEADNE(E|θ)SEADNE(θ)dθ (16)

In this paper the first moment approximation is not utilized. When mentioning the model solution, it
exclusively refers to the kinetic solution. Anyway the first moment approximation could be used in the future
as a tool to reduce calculation time.

3.1.2 Geometric redeposition

As anticipated in the previous section, the fraction 1−fE
R not energetically redeposited could still redeposit. A

particle ionized at a distance greater than its z∗E can redeposit because of its gyromotion bringing it back to
the wall, or due to a combination between gyromotion and electric field force. The corresponding redeposited
fractions are here denoted as fG

R and fGE
R , respectively. As demonstrated in prior studies [7] the redeposited

fraction fG
R primarily depends on the parameter p = λ/ρL+1 = ωL/ωion. This parameter represents the ratio

between the ionization length of the neutrally sputtered particles to their first-ionization Larmor radius, and
it is independent of the sputtered particle initial energy. According to this model the parallel-to-B velocity
is zero and redeposition is also independent of the magnetic field direction, which is considered parallel to
the surface. Ultimately, the possibility an eroded ion has to undergo multiple ionization is disregarded. In
figure 5 is depicted the geometrical redeposition according to this simplified model. Such approximation is not
acceptable, especially for the erosion and redeposition of heavy ions. In this section, a more general model is
proposed with the aim of relaxing most of the assumptions made in [7].

𝜌𝐿

θ

θ

𝜆

𝐵

𝜆 cos 𝜃

𝜌𝐿 ⋅ 1 + sin 𝜃

𝑦

𝑧

Figure 5: Possible gyromotion-driven redeposition along the yz plane for a particle emitted with
poloidal angle θ and ionizing at a distance λ. In the absence of other forces, the particle can still
redeposit because of gyromotion as suggested in [7]. The illustrated gyro-orbit is possible only in the
absence of multiple ionization, external forces and for a magnetic field parallel to the eroded surface.
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3.1.3 Model for geometric redeposition

The Larmor radius ρL of an eroded particle is proportional to the magnitude of its perpendicular-to-B velocity
denoted as |v⊥|. If the deflection caused by the electric field is negligible and in the absence of collisions |v⊥|
is conserved. The magnitude |v⊥| of not redeposited particles can thus be expressed as a function of the initial
direction of the particle, identified by the pair of angles (θ, ϕ), and of the poloidal magnetic field angle αB .
Equation (17) shows the squared ratio of the perpendicular velocity to the total magnitude, denoted as v.

(
|v⊥|
v

)2

= (sin(αB) sin(θ) cos(ϕ))
2 + (cos(αB) cos(θ))

2

+
1

2
sin(2αB) sin(2θ) cos(ϕ) + (sin(θ) sin(ϕ))2 (17)

Besides perpendicular velocity, the radius ρL also depends on the charge state. In general, the Larmor
radius of an ion with charge Z is equal to what stated in equation (18).

ρL =
|v⊥|
ZωL

(18)

For simplicity, the Larmor radius is approximated using the average charge state of the 1 − fE
R fraction

reported in equation (26).

Similar to the model of [7] and to what reported in section 3.1.1, an eroded particle is assumed to redeposit
during its gyromotion, if the projection along z of its first ionization length (i.e. λcos(θ), see figure 5) is less
than or equal to a certain threshold distance from the wall, here denoted as z∗G. While in [7] the threshold
distance z∗G is equal to (1 + sin(θ))ρL+1 , in this model it is also a function of the eroded particle’s initial
parallel-to-B velocity and its kinetic energy, since parallel transport and the possibility to re-enter into the
sheath during the first gyromotion are both considered.
Ionized particles move closer or farther away from the wall depending on their v∥ direction. In a time interval
TL, a particle with velocity v∥ travels a distance d = v∥TL along B if it does not redeposit. The projection of
d on the z-axis is shown in equation (19):

dz = v∥TLsin(αB) (19)

As particles rotate, they can fall back into the sheath, where a well of electric potential draws them toward
the wall. To include this dynamic, distance a is introduced, that is, the distance from the wall where the
electric field potential V is equal to the total energy E of the moving particle. As stated in the equation (20),
the distance a is obtained by inverting the function of the electric potential. If the energy of the particle E
exceeds the total potential drop, then a = 0.

a = V −1(−E) (20)

In practice, the redeposition probability associated with the return of ions into the sheath is not accurately
captured by the parameter a. A more precise solution would involve solving the complete trajectory, accounting
for both the Lorentz and electric field forces. Equation (20), along with later equation (22), partially simulate
the redeposition influenced by both gyromotion and the electric field, but these expressions are not physically
accurate. Finally, in equation 21, the threshold ionization distance along the z-axis for gyromotion-related
redeposition is provided.

z∗G = ρL (1 + sin(θ) [1− 2H(ϕ− π)]) cos(αB) + dzξ
5 + a (21)

Here, H represents the Heaviside function while ξ is introduced to simulate the additional slowing and
deflection of the 1−fE

R fraction due on average to the potential V (λ∗E
z ) at the electrostatic threshold distance,

as indicated in equation (22). The selection of ξ in equation (21) results from a tuning process aimed at
achieving better agreement with the numerical results presented in section 6. As ξ approaches zero, the model
assumptions become invalid, and other physical phenomena, such as drifts E⃗×B⃗ between electric and magnetic
fields, come into play.

ξ = 1−
∫
E SEAD(E)NEdE

−V (λ∗E
z )

(22)

9



The equation (21) is valid for ϕB = 0 and can be extended to the case ϕB = π by reversing the sign in
front of the function sin(θ). Analogously to equation (8), we report in equation (23) the probability fG

R of
redepositing as a function of the energy E and initial direction (θ, ϕ). The redeposited fraction fG

R is obtained
by integrating along the z-axis from zero to the threshold values z∗G the ionization probability, as illustrated
in equation (6).

fG
R =

∫
SEAD(E, θ, ϕ)

(∫ z∗G(E,θ,ϕ)

0

f(z|E, θ)dz

)
dEdθdϕ (23)

4 Multiple ionization
When considering redeposition related to the gyromotion of ions, it is crucial to account for multiple ionization,
as the Larmor radius depends on the ion charge. This section introduces an approximate model to estimate the
average charge of ions populating the net flux, without tracking particles’ trajectories. The model is based on
the assumptions that sputtered particles populating the 1− fp fraction are those ionizing closer to the sheath
entrance, where the Boltzmann factor is close to unity and the electron density and temperature are roughly
constant. Hence, escaping particles can be viewed as traveling in a homogeneous medium, and their transport
does not need to be solved. In the limit of coronal equilibrium, where recombination is disregarded and only
electron ionization is considered, the time evolution of each ionization state of the 1 − fp population can be
described by a series of first-order differential equations, as follows.{

ψ1 = e−ωion1
t

∂tψi = −ψiωioni + ψi−1ωioni−1 , if i > 1
(24)

Here, ψi(t) represents the fraction of particles in the i-th ionization state at time t, and ωioni are the
transition frequency from ionization state i to state i+1. The ωioni terms are calculated assuming all plasma
being at the sheath entrance condition (e.g. ne = nSE

e ) during the whole Larmor period. At t = 0 all particles
are in their first ionization state (ψ1 = 1 and ψi>1 = 0). The time evolution of the average ionization state is
then expressed as the summation of the population fractions ψi multiplied by their corresponding ionization
states, see equation (25).

Z(t) =
∑
i

ψii (25)

Assuming a uniform background proved to be a good approximation for the average charge of the non
prompt fraction 1− fp (see figure 6), called Znp and being equal to Z at t = TL. However, such approximation
is not perfectly suited to get the average ionization of the 1 − fE

R fraction. In reality, particles that do not
electrically redeposit can still travel partially inside the sheath where the density and temperature of electrons
are lower. Additionally, redeposited particles are absorbed and have less time to undergo multiple ionization
events. This is why the average ionization of the 1− fE

R population is expressed in equation (26) as an average
between the charge of the non-prompt population and the charge state (Z = 1) of the electrically redeposited
fE
R fraction.

Zne ≈ fE
R + (1− fE

R )Znp (26)

The approximation for Znp was tested for a wide range of electron temperature, density and magnetic field
vector showing a good agreement in almost all cases, see figure 6.

5 Prompt redeposition
Once the threshold redeposition distances z∗E and z∗G are known, the probability a particle has to promptly
redeposit is obtained through the integration from zero to the maximum between these two threshold distances
of the ionization probability function along the z-axis. Accordingly, the fp fraction is determined by the integral
presented in equation (27).

fp =

∫
SEAD(E, θ, ϕ)

∫ max(z∗E ,z∗G)

0

f(z|E, θ)dzdEdθdϕ (27)
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(a) Te = 20 eV, B = 3 T, αB = 4 deg

model

(b) ne = 5e19 m−3, B = 3 T, αB = 4 deg

model

(c) ne = 1e19 m−3, Te = 20 eV, αB = 4 deg

model

(d) ne = 1e19 m−3, Te = 20 eV, B = 3 T

Figure 6: Average ionization state Znp of W net flux. Comparison between the simplified model (red
line) proposed in section 4 and Monte Carlo results (blue squares).

The integral from zero to the maximum between the two threshold distances of the ionization probability
function along the z-axis can also be used to calculate an approximation of the SEAD for the NP fraction, as
given in equations (28) and (29).

fNP = SEAD(E, θ, ϕ)

(
1−

∫ max(z∗E ,z∗G)

0

f(z|E, θ)dz

)
(28)

SEADNP = fNP

/∫
fNP dEdθdϕ (29)

The energy distribution SEADNP (E) can be employed to derive the NP temperature, also referred to as the
source temperature (Ts). This temperature is equivalent to two-thirds of the average energy of the NP fraction:
Ts = 2

3
ENP if energy is conserved from the ionization up to the end of the first gyration. In the absence of an

additional energetic filter, Ts is approximately equal to the temperature of the non-prompt population, making
it suitable for representing the temperature of the impurity source.

6 Results for Tungsten
The two-group model is applied to the case of a wall composed entirely of tungsten (W). A comparison is
made between the outcomes of the analytical model and the numerical results obtained from Monte Carlo
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(MC) simulations, considering identical wall geometry and input parameters. Refer to figures 1a and 2 for
visual representations. The MC model is the same one employed in the article [11] where it was benchmarked
against other local impurity transport codes such as ERO [18]. The fraction fp is computed using equation
(27). Where the threshold distance z∗G in equation (21) is determined using the mean Larmor radius Zne of
the 1− fE

R fraction, as defined in equation (26).

ρL =
|v⊥|
ZneωL

The analytical model outputs are systematically compared with corresponding numerical results across
a broad spectrum of input parameters. Importantly, the analytical model can be extended to account for
other eroded species beyond W. In general, lighter eroded species tend to have longer first ionization lengths,
bringing the analytical model closer to its ideal operating range. In fact, as the mean free path of first ionization
decreases, the conservation of energy and parallel velocity during motion are compromised, as particles ionize
in a potential well that is non-negligible compared to their initial kinetic energy, leading to major deflection,
deceleration, and the appearance of E⃗× B⃗ drifts. Finally, since fewer particles avoid redeposition model errors
become more pronounced compared to the expected output. Tungsten is selected not only due to its significance
in current reactor applications [1], but also because it represents a robust test case that challenges the model
to its limits.

Results concerning the non-promptly redeposited W population in both MC and the two-group model
are compared as listed below. In section 6.1, a comparison of the SEAD is shown, in section 6.2 the source
temperature Ts of W is discussed, in section 6.3 the average parallel-to-B velocity is given as a function of the
magnetic angle αB . Finally, in sections 6.4 and 6.5, the prompt fraction fp trends are calculated both for a
fixed incidence angle αB = 4 deg and for a varying magnetic angle, respectively.

6.1 SEAD of non-prompt redeposited particles
The energy distribution of Γnet, or in other words, of the non-promptly redeposited (NP) fraction, as presented
in equations (29), is compared with a series of Monte Carlo results. Figures 7, 8 illustrate the two-groups model
and Monte Carlo estimates of the SEAD for the NP population. In figure 7 are depicted the SEAD of the NP
fraction as a function of energy and poloidal angle. Specifically, figures 7a and 7b illustrate the NP energy and
angular distribution when the electron density at the sheath entrance is set to 5e18 m−3 while keeping other
sheath parameters constant. Similarly, figures 7c and 7d portray the NP energy and angular distribution when
the electron density at the sheath entrance is 5e19 m−3 with the remaining sheath parameters unchanged from
the lower density case. In figures 7a and 7c one sees that for both electron densities, the NP energy distribution
is accurately represented with the two-groups model. Conversely, figures 7b and 7d show that the NP poloidal
distribution given by the two-groups model is more peaked around θ = 40 deg with respect to MC results.
This suggests that the two-groups model tends to provide lower estimates for the number of eroded particles
found in the tail associated with large θ values.

Ultimately, figure 8 presents polar plots illustrating the azimuth distribution. The analytical azimuth
distribution is discontinuous because of the way the threshold distance z∗G is calculated in equation (21).
Specifically, z∗G exhibits asymmetry with respect to ϕ because of the term [1− 2H(ϕ− π)] on the right-hand
side of the same equation. The Heaviside function H causes [1− 2H(ϕ− π)] to be equal to plus one when
ϕ ∈ [0, π], otherwise, it is equal to minus one. As depicted in figure 8a, this discontinuous solution accurately
represents the MC azimuth distribution for the case of relatively low electron density. However, as shown
in figure 8b, the analytical solution deviates from the MC results when the electron density is higher. This
discrepancy arises because at higher density, W has a shorter ionization mean free path, leading to more
particles ionizing in the sheath and experience deviation by the drift force E⃗ × B⃗ towards ϕ = 3/2π.

6.2 Source temperature
The NP energy distribution can be utilized to get the source temperature as shown in equation (30).

Ts =
2

3

∫
SEADNP (E) EdE (30)

It is worth reminding that equation (30) refers to the distribution of not redeposited neutrals. As a result,
only if energy is conserved during the first Larmor period after ionization equation (30) will give a proper
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Figure 7: SEAD(E) and SEAD(θ) of the NP population of sputtered neutral W caused by a flux
of nitrogen ions (N+5), estimated with Monte Carlo (MC) and the two-groups model model for two
different electron densities at the sheath entrance ne = 5e18 m−3 and ne = 5e19 m−3. All other
parameters are fixed: Te = Ti = 20 eV, B = 3.7 T, and αB = 4 deg.

estimate of the source temperature. In figure 9, the source temperature estimates for tungsten (denoted as Ts

in section 2.2) are illustrated, employing the two-groups model and Monte Carlo simulations. The variation of
Ts is displayed in relation to the magnetic incidence angle αB , considering the erosion of tungsten under the
bombardment of a flux of N+5 ions. Notably, for grazing αB angles the ionization length of sputtered neutrals
is lower compared to larger angles, thus more particles are energetically redeposited. Indeed, the fraction fE

R

increases with αB , see figure 4a, as well as the parameter a introduced in equation (20). Consequently, the
energy of the NP population is higher. The two-groups model tends to overestimate the temperature especially
in the high density case. This happens because energy is not preserved, and particles use up some of their
energy to overcome the electric potential drop. One way to simulate the energy sink related to the remaining
potential drop is by redefining Ts as a function of V (λ∗E

z ), where λ∗E
z is the electrostatic threshold distance

as defined in equation (12). The value V (λ∗E
z ) could be used to simulate the average energy sink particles

encounter during motion. A redefinition of Ts based on Monte Carlo numerical results is reported in equation
(31). In figure 9, the red-dashed line shows that Ts from equation (31) better represents Monte Carlo results.

Nonetheless, this approach requires further analyses.

Ts =
2

3

(∫
SEADNP (E) EdE +

2

3
V (λ∗E

z )

)
(31)
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Figure 8: SEAD(ϕ) of the NP population of sputtered neutral W caused by a flux of nitrogen ions
(N+5), estimated with Monte Carlo (MC) and the two-groups model model for two different electron
densities at the sheath entrance ne = 5e18 m−3 and ne = 5e19 m−3. All other parameters are fixed:
Te = Ti = 20 eV, B = 3.7 T, and αB = 4 deg.

Figure 9: Temperature of non-promptly redeposited W sputtered by a flux of Nitrogen ions (N+5) for
two different electron densities at the sheath entrance and varying αB . Two-groups model results are
represented by the full line (equation (30)) and dashed line (equation (31)), while Monte Carlo results
are depicted by squares. Other parameters were held constant: Te = Ti = 20 eV, and B = 3.7 T.

6.3 Fluid parallel velocity
To characterize a fluid source it is also necessary to estimate its mean parallel velocity along the magnetic
field. Similar to energy, this is another quantity that is conserved even after ionization, if ion-ion collisions
are neglected and if the potential electric drop V (λ∗E

z ) is small compared to their initial energy. Hence, the
average parallel velocity v∥ can be calculated if the SEADNP of neutrals associated to the 1 − fp fraction is
known as illustrated in equation (32).

v∥ =

∫
SEADNP (E, θ, ϕ)v∥(E, θ, ϕ)dEdθdϕ (32)

Figure 10 shows v∥ of W net flux caused by N+5 ions bombardment, as a function of the magnetic angle
αB , calculated with both two-groups model (equation 32) and MC simulations. Since in the given case the
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magnetic field is directed towards the wall, the parallel-to-B velocity is actually negative. Two distinct trends
are presented in figure 10: one for a low electron density case (ne = 1e19 m−3) and another for a high electron
density case (ne = 1e20 m−3) at the sheath entrance.

The two-groups model results exhibit the same overall trends as the numerical ones. However, there is a
disagreement in the high density case, related to the difference between the model and numerical SEADNP

distributions, as previously demonstrated in figures 8 and 7. The disagreement is larger for the high density
case since the potential drop |V (λ∗E

z )| particles need to overcome increases.

Figure 10: The average parallel velocity of W NP population due to a flux of incident nitrogen
ions (N+5) is examined across a range of magnetic angles αB . The results from both Monte Carlo
(MC) simulations and the two-groups model (equation (32)) are compared under two different electron
densities at the sheath entrance: ne = 1e19 m−3, and ne = 1e20 m−3, in the following conditions:
B = 3.7 T, Te = 20 eV.

6.4 Scan with fixed magnetic angle
In steady-state and in the absence of collisions, the probability of redeposition depends mainly on an interplay
between the ionization length along z (i.e. λz) of the eroded particles and the potential drop profile V (z). On
average, the population of eroded particles must ionize beyond the threshold distance λ∗E

z , see equation (12),
to avoid energy-driven redeposition. At the same time, the redeposition related to gyromotion also depends
on the ionization length once the magnetic angle αB is fixed. The dimensionless parameter λ̂ is proposed as
the main dependent variable for the fraction of redeposited particles fp for given αB . The parameter λ̂ is set
equal to the ratio of the average ionization length along z of the sputtered population at the wall λz to the
average threshold distance λ∗E

z . In equation (33) the formula for λ̂ is reported.

λ̂ ≡ λz

λ∗E
z

(33)

The λ̂ definition of equation (33) has already been used in figure 4. Moreover, λ̂ is one among other
definitions of similar parameters proposed in [10], [11]. In contrast to other similar parameters, the fraction
prompt fp(λ̂) follows almost a single curve regardless of the incident ion charge, hence regardless of the eroded
particles high-energy tail, see figure 11.

The fraction fp is calculated for a wide range of λ̂ values in the case of W self sputtering for a given
magnetic angle αB = 4 deg. The simulated incident ions are W+2 and W+10. At figure 11a it is shown that
the fraction 1−fp estimated by the two-groups model correlates less with λ̂ than the MC output, especially for
λ̂ ⪅ 0.7. From figure 11b it can be seen that the two-groups model solution tends to overestimate the fraction
1− fp when λ̂ < 1 that is, when λz < λ∗E

z . The fraction 1− fp caused by the impact of W+10 is overestimated
by up to 5 times when λ̂ ≈ 0.5, while for W+2 the ratio reaches a value of about 20 when λ̂ ≈ 0.4. The figure
11b is enlarged to make it more readable and that is why values tending to 20 are not visible.
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(a) (b)

Figure 11: Ionic bombardment of W+2 and W+10 on W at a fixed magnetic angle αB = 4 deg. The
other parameters vary, ne ∈ [5e18, 5e20] m−3, Te ∈ [15, 30] eV and B ∈ [2, 5] T.

6.5 Scan with varying magnetic angle
The prompt redeposited fraction fp also depends on the angle αB . In fact, as indicated in section 3.1.3, the
redeposition associated with gyromotion is dependent on αB in different ways. Both the Larmor radius and
its projection onto the z-axis are functions of the angle αB . Additionally, αB plays a role in determining the
distance covered during gyration towards or away from the wall, as expressed in equation (19). Therefore,
the two-groups model assessment of fp is tested by using αB as a variable. Similarly to section 6.4, the case
of W erosion due to self-sputtering caused by W+2 and W+10 ions is studied. In figure 12, the values of
1 − fp calculated using both the two-groups model and Monte Carlo simulations are shown as a function of
αB . In figure 12a the two-groups model and numerical 1− fp trends are graphed, imposing an electron density
ne = 1e19 m−3 (low-density case). Figure 12b depicts the 1 − fp ratio between the two-groups model and
numerical values in the low-density case. Similarly, figures 12c and 12d illustrate the trends and ratio of 1− fp
for an electron density 10 times higher (ne = 1e20 m−3, high-density case). For both densities, the two-groups
model solution tends to overestimate the fraction 1−fp, especially when αB = 40 degrees. For the low-density
case, the maximum error reaches 12%. On the other hand, given the reduction of λ̂, the high-density case
reaches a maximum error of 55%.

6.6 Benchmark of fp with previous works
The two-groups model so far has been compared with an already validated Monte Carlo code from [11].
However, it is interesting to see how the two-groups model compares to other past work, particularly in terms
of the individual contributions of energetic redeposition (see section 3.1.1) or geometric redeposition (see section
3.1.2). In the work of [19], a PIC code is used to calculate the total redeposition values (denoted as fredep as
opposed to the prompt which is fp) of W, both in the absence and presence of the plasma sheath, i.e., the
electric field. The total redeposition provided by [19] is not directly comparable with prompt redeposition, as
it includes particles that redeposit after the first Larmor period (a phenomenon called long-range redeposition
in [19]). Nevertheless, the authors of [19] provide the percentages of long-range redeposited particles, allowing
for the conversion from total redeposition to prompt redeposition (fp). In addition, results are given in the
absence of the plasma sheath (no electric field), so there is no energy redeposition (fE

R = 0), and the results
of [19] can be compared directly with the equation (23) as long as a = 0 and ζ = 1 are fixed in equation
(21). Figure 13 depicts the 1 − fp values taken from the Figure 12a of [19] after being converted to prompt
redeposition by eliminating the long-range redeposition shown in Figures 12b and 12c, in the same reference.
The data were extracted directly from Figures 12a, 12b, and 12c of [19] using the WebPlotDigitizer v4.0 tool
[20].

The comparison was conducted under identical conditions, including the incident ion W+12, eroded species
(W), plasma conditions at the sheath entrance (nSE

e , TSE
e ), ionization rate coefficients (S), magnetic configura-
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(a) ne = 1e19 m−3 (b) ne = 1e19 m−3

(c) ne = 1e20 m−3 (d) ne = 1e20 m−3

Figure 12: Ionic bombardment of W+2 and W+10 on W. A scan of 1−fp along the magnetic angle αB

is conducted using both Monte Carlo (MC) simulations and the two-groups model. The simulations
are performed under fixed plasma conditions: Te = 20 eV, B = 3.7 T, ne = 1e19 m−3, and ne = 1e20
m−3.

tion (B,αB), SEAD model, and absence of ion-ion collisions. However, discrepancies arise in the electric field
drop and the profiles of temperature and electron density. These profiles, as outlined in [19], were derived from
PIC simulations. For more information regarding the input used, see figure 13. The results of the two-groups
model are in agreement with those of [19], both in the presence or absence of the electric field, bringing further
evidence that the code accurately reproduces prompt and geometric redeposition within its physical framework.
In addition, figure 13 shows the fraction (1− fp) according to the model of Fussman et al. [7]. It can be seen
that the Fussman et al. model deviates from fp values either in the presence or absence of the sheath.
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Figure 13: Ionic bombardment of W+12 on W: scan along electron density at sheath entrance, with
fixed magnetic angle αB = 3 deg, temperature Te = Ti = 25 eV and magnetic field intensity B = 3
T. Input parameters were selected to compare 1 − fp values from the two-groups model with those
calculated using a PIC code as described in [19]. Additionally, the analytical formula from Fussman
et al. [7] is shown.

7 Conclusions
A 1D semi-analytical model, called two-groups model, is proposed to estimate prompt redeposition. This
model is designed to operate under the conditions of steady-state sheath over a planar surface without ion-ion
collisions. It assumes that the characteristic length of redeposition is sufficiently small, allowing the redeposi-
tion to be treated as a local phenomenon where plasma quantities vary solely in the direction perpendicular
to the surface. The model theory offers new insights and physical interpretation about prompt redeposition.
Additionally, it provides estimates of important quantities regarding impurity sources: net flux, average charge
state, temperature and mean parallel-to-B velocity. In the two-groups model, prompt redeposition is directly
related to the probability that neutrals have to redeposit given their initial energy and direction. The re-
deposition probability is approximated as being caused either by the electric field or by gyromotion. A set
of kinetic equations to estimate the probability a neutral particle will redeposit only because of the electric
field and the total gross flux fraction redepositing because of the same reasons is proposed in section 3.1.1. A
model to describe the gyromotion-driven redeposition including the effects of a varying magnetic field angle,
the perpendicular and parallel-to-B velocities, multiple ionization, and the returning of particles inside the
sheath during their gyromotion, is advanced in section 3.1.2. Multiple ionization are addressed via an analyt-
ically solvable set of differential equations, reported in section 4. The net flux and some of its fluid quantities,
such as mean parallel-to-B velocity and temperature are directly related to the Sputtered energy and Angular
Distribution (SEAD) of sputtered neutrals at the wall. Such approximation based on the conservation of en-
ergy and parallel-to-B velocity is valid only in the absence of collisions, and if particles ionize on average in a
volume where the potential drop is negligible compared to their initial energy. Ultimately, the formulation of
the prompt redeposited fraction is treated in section 5. The two-groups model is utilized to assess the net flux
of sputtered tungsten (W), its average charge, temperature and mean parallel-to-B velocity across a wide range
of plasma conditions, as detailed in section 6. The two-groups model is compared with corresponding results
obtained from Monte Carlo (MC) simulations, which are considered as a reference. The two-groups model and
MC solutions generally agree if the ionization length of sputtered neutrals is large enough to conserve energy
and parallel motion along the first gyration. Conversely, as the ionization length decreases, the two-groups
model tends to underestimate the prompt-redeposited fraction because the trajectories of particles overcom-
ing the electric field are still largely influenced by the remaining potential drop, increasing the likelihood of
redeposition. Additionally, other phenomena such as E⃗ × B⃗ drifts, come into play. Results show that because
of the electric field redepositing particles with lower energies, the source temperature Ts is larger than the
temperature of W at the wall. Similarly, because of gyromotion-driven redeposition, the azimuth distribution
of the net source tends to be more peaked towards ϕ ∈ [π, 3/2π]. This asymmetry is further intensified by E⃗×B⃗
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drifts. Hypothetically, if it were possible to manipulate the initial azimuth distribution of eroded particles,
directing them more towards ϕ = π/2, redeposition could be significantly increased. Of course, inverting the
magnetic field direction would simply mirror the azimuth distribution without enhancing prompt redeposition.
In the specific conditions for which the model is designed, it serves as a rapid tool for calculating crucial quan-
tities related to impurity sources. Moreover, the two-groups model exhibits flexibility, allowing it to operate
with any SEAD at the wall, 1D electron density, and temperature profiles. Additionally, it can accept any
1D electric potential drop in the sheath, provided that it is monotonically varying. This flexibility implies
that factors such as wall roughness could be considered, assuming they are small compared to the sheath
width. The implementation of roughness could involve modifications to the sputtering yield functions and the
SEAD. Anyway, it is important to acknowledge also the model limitations especially in the case of applying
it in tokamak-scale simulations as a boundary condition tool for solving impurity transport with fluid codes.
Firstly, the code is constrained by limited spatial and temporal resolution. Prompt redeposition encompasses
the ionization time of neutrals and a Larmor period of the eroded species. As particles redeposit within a
distance roughly equivalent to their first ionization Larmor radius ρL, and since plasma quantities are treated
locally, in tokamak-scale simulations, plasma profiles at the sheath entrance must be averaged over a distance
on the order of ρL. Consequently, intricate geometrical details might not be fully captured. Moreover, there
will always be a fraction of particles situated at the boundaries between cells with constant plasma quantities
that may traverse into other cells, emphasizing the need for proper cell dimensioning to minimize such events.
Another limitation pertains to the proximity between walls along their perpendicular directions. For instance,
in the case of two parallel walls, their separation must be sufficient to prevent mutual redeposition. In the
future, enhancing the two-groups model could involve integrating ion-ion collisions, thermal forces, considering
the influence of surface roughness and the Impact Angular Distribution (IAD) on sputtering yield and the
SEAD. For instance, the model proposed in [21] offers a rapid calculation method for the IAD, which could be
beneficially incorporated into the two-groups model. For now, experiments could be conducted to validate the
model’s assumptions of locality and the absence of ion-ion collisions. To do this, the net-to-gross flux ratio of
flat surfaces could be measured by exposing material samples to plasmas. The exposed material should have a
characteristic length larger than the eroded species’ Larmor radius and should be positioned at an appropriate
distance from other walls. Ideally, the code should be tested initially using a weakly ion-ion collisional plasma
sheath for the material exposure. Additionally, the plasma electron density and temperature should be almost
uniform along the plane parallel to the eroded surface. If successful, a plasma collisionality scan could be
performed while maintaining uniform electron density and temperature. Regarding the hypothesis of locality,
it would be interesting to check whether non-uniform radial profiles of temperature and density could be av-
eraged over the sample to obtain acceptable results between the model and experiments. From a modeling
perspective, the two-groups model should be integrated into multispecies fluid codes as a boundary tool and
compared to full kinetic Monte Carlo simulations regarding tungsten (W) contamination inside the plasma
core. If the model proves capable of accurately describing both experimental results and current modeling
tools, it could become a viable option for rapidly assessing impurity sources in future simulations, paving the
way for studies of the temporal dynamics of the feedback loop between plasma contamination, radiative power,
and wall erosion.
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